Abstract. A paraboloidal bow shock model is developed in order to estimate the surface distribution of gas shock-induced modifications surrounding Venusian impact craters. We apply two-dimensional oblique shock dynamics to describe a three-dimensional paraboloidal-shaped bow shock impinging upon an assumed incompressible Venusian surface. The effects of the hypersonic atmospheric shock acting on the Venusian surface are considered in terms of induced maximum gas pressure, density, particle velocity, and temperature, for varying angles and velocities of impact. The maximum boulder size that can be saltated by the shock wave induced gas flow and the degree of mutual collision of the surface materials are also considered. The present calculations quantitatively predict the areal extent of the gas shock perturbed surface for normal and oblique impact as a function of impact angle and velocity, and radii of impactors. For a 1-kin radius stony meteorite impacting normally at 20 kin/s, the radius of the disturbed area extends 
impact, the dark halos seem to elongate up-range from the impact craters, whereas the continuous ejecta patt. ern extends preferentially down-range. The variation of the backscatter cross section at constant radar incident angle around craters is explained by either the difference of the surface roughness, variation in the porosity of the surface materials, or variation in lithology. A region of lower backscatter cross section, compared to the surrounding region, will occur when the surface is smoother than its surroundings. Another interpretation is that it is more porous than the original planetary surface. In contrast, an area with brighter backscatter cross sections indicates that surface is rough at the scale of the Magellan radar wavelength (12.6 cm). The Pioneer Venus radar reflectivity data showed that, a smooth appearing surface is dominated by bedrock or densely Ad = -0.12LpArr
where Lp is the penetration depth, which is 9.2,k for dry soil [Elachi, 1987] . From this equation, the region of dark halo has an • 50 cm thicker porous surface layer superimposed on the original average surface materials. Assuming that the high backscatter cross section is caused by the lack of a porous layer, the thickness of the porous layer of the region of the bright halo is approximately 35 cm thinner than that of the original surface. If the original surface feature of the impact site is similar to the lithology of the Venera landing site, the porous layer is not thick enough to be excavated more than 30 cm.
Phillips ½! al. [1991] suggested that "dark halos" orig- We develop a bow shock model in order to quantify the effects of the hypersonic atmospheric shock accompanying oblique impact on the planetary surface. The related flow properties, such as maximum gas pressure and gas tangential shear flow velocity, are calculated. Oblique shock dynamics are applied to the threedimensional paraboloidal bow shock front interacting with an incompressible rigid half-space to understand the interaction of the gas shock with the planetary surface. Then the magnitude of the surface disturbance is estimated from the model.
We describe how the bow shock model applies to interpreting the radar data of impact craters which have bright and dark halos surrounding impact craters. It is also investigated how halo size may be used to estimate impact parameters associated with a given crater.
Bow Shock Model and Shock Physics

Bow Shock Formation
When a hypervelocity meteoroid encounters an atmosphere, a shock front forms around the meteoroid and induces a compressed gas layer between the shock front and the meteoroid [Bronshten, 1983] (Figure 2a ). In addition, a bow shock wave and a wake develop behind the body and expand toward the incoming direction [Martin, 1966] .
In the case of a meteoroid passing through an atmosphere with high Mach number M (ratio of shock velocity to local atmospheric sound speed) and with the corresponding low value of 7 (the ratio of the specific heat at constant pressure relative to that at constant volume), the compressed gas layer becomes very narrow compared to the size of the body. Assuming that the body is a sphere, and that M > 2, the thickness, As, of the compressed layer, that is, the distance between the shock front and the body at the stagnation point is expressed as 
The gas flow behind the bow shock can be calculated using a similarity solution for an inviscid axisymmetric expanding wake [Z½l'dovich and Raizcr, 1966] . This is shown in Figure 2a [Hornung, 1967] . In Figure 2a , the meteoroid is moving at 20 km/s. The arrows represent the particle velocity in the gas flow in the reference
Bow Shock Model
Assuming that the body retains the same spherical curvature at the front during its traverse through the atmosphere, the meteoroid is accompanied by a bow shock wave whose shape remains constant and is given by (4). The particle velocity of the gas at the shock front is normal to the shock front, as shown in Figure 2a . The gas enveloped by the shock subsequently expands forward and away from the trail of the meteoroid. The paraboloidal bow shock continues to propagate away from the trajectory, and it interacts with the planetary surface, as sketched in Figure 3a , assuming a uniform atmosphere. In the reference frame of the surface at rest, the shock wave propagates away from the center of the crater. The propagation and reflection of the shock wave at around the contact point of shock wave on the planetary surface is analogous to the case of spherically expanding blast wave interacting with the surface [H½ilig, 1985; Brod½, 1968] (Figure 3c ). However, in the case of oblique impacts, the trajectory of the blast shock wave trailing the meteoroid is also inclined toward the surface, and the blast wave interacts with the up-range surface at an earlier point in time than the impact of the meteoroid (Figure 3b) . Therefore a different interaction from that of a spherical explosion is expected, and a paraboloidal bow shock provides a framework for describing the interaction of the atmospheric shock with planetary surface in the case of oblique impact.
To quantify' the position of the paraboloidal bow shock front as a fimction of time, we employ a coordinate system to define the surface position, X and Y, and vertical elevation, Z. We assume that the meteoroid trajectory lies in the X -Z plane. Here (I) is the angle of the trajectory from the horizon (Figure 4a ). For some values of (I), (Sa) cannot be applied for X _• 0, since the shock front expressed by this equation at these points is inclined toward the incoming direction on the planetary surface, and thus it is no longer appropriate for the propagating shock. However, when the meteoroid impacts the surface, the atmospheric gas is compressed between a meteoroid and the surface. The compressed atmospheric gas on the impact site can be explosively 
where k' is another coefficient whose magnitude is approximate unity [Sakurai, 1968, The ratio between the radius of the paraboloidal bow shock propagating outward and that of the spherical explosion is (11) Since ko/ks is approximately unity, the difference of the two models depends in detail on impact parameters. Similarly, the ratio between the radii of the propagating bow shock and that of the cylindrical explosion is described by (12) (12) shows that these ratios are of the order of unity, that is, the paraboloidal bow shock is analogous to a cylindrical blast wave. Therefore the paraboloidal bow shock model can be treated as the cylindrical blast wave, by taking into account oblique impact.
Reflected Shock Wave
Next, we will examine the atmospheric shock state via the interaction with the surface. In the case of a strong surface explosion (e.g., nuclear), a thermal precursor in the atmosphere occurs because underground shock initially outruns the atmospheric shock, and subsequently preheats the atmosphere immediately above the ground. The main atmospheric shock is also reflected from the surface, and the reflected shock is also In these calculations, we assume that, the flow of the gas in front of and behind the shock front is pseudosteady inviscid flow of a perfect gas in the thermal equilibrium. Pseudo-steady flow means that the shock wave is assumed to propagate into a stationary gas in an inertial frame with the speed of q Because we approxilnate the gas flow to be inviscid and the planetary surface to be incompressible, we neglect the shear stress on the surface /red the heat flux froln (or to) the surface. These effects thicken the viscous boundary layer, and cause the transition from the regular reflection to Mach reflection to occur at higher shock angles of interactions [Hornun9, 1986] . This suggests that the boundary effect causes much higher shock pressures and densities in the extended range of the regular reflection. Conversely, the porosity and roughness of the surface attenuate the reflected shock wave. Thus, the calculation of the shocked state can be more complicated on a real planetary surface.
Results
3.1.
Results of the Paraboloidal Bow Shock
Model
In this section, we will examine shock induced gas properties on the surface caused by the oblique impact of a meteoroid, such as maximum pressure P(X, Y), maximum density p,(X,Y), maximum horizontal gas velocity U(X, Y), and maximum temperature T(X, Y), using a paraboloidal bow shock model taking into account reflection shock waves.
Before discussing the effects of the gas shock, we calculate the expected crater radius Rc for impacts on Venus. The scaling law of Schmidt [1980] The maximum horizontal gas particle velocity generated by the shock wave U(X, Y) is plotted in Figure   7c Figure 11c shows the maximum horizontal gas particle velocity for various impact velocities. The gas velocity decreases more rapidly at the region close to the subsonic region. The horizontal gas velocity becomes zero, and the corresponding kink exists on the tangential contact point of the bow shock to the surface (e.g., at X/R ~ 1.4, in the case of <I> = 45ø), which is nearly inside the crater. The dynamic pressure is normalized by P0 in the case of Figure 11d . In Figure  1 le, maximum relative shock-induced gas temperature is normlized to Venusian surface temperature, To -735
For constant ratios of target and impactor densities and for a given value of (I), the ratio of the radius of the crater to that of the impactor is proportional to ~ V/ø'32 from (13). In the case of normal impact, or the case without modification by the mode of reflection, the distance of the subsonic region (e.g., r/R for M• ~1) varies as ~ ¬. Therefore the region affected by the gas shock compared to the radius of the crater becomes wider, as the impact velocity increases.
Gas Properties of the Atmosphere
We have used the effective ratio of the specific heat 7 instead of the exact ratio of the specific heat for a perfect gas, and used the value of 7 = 1.1 for CO,. in our calculations. In the case of triatomic CO,. gas, 7 is into account real gas effects, we used a smaller effective ratio, 7, rather than the value expected for the perfect gas. From Figure 6b , in the case of smaller M (< 5), the effect of the different 7 to the shock properties is not significant, but for large M, the effect of dissociation is important. The differences in shock properties in the case of a different value of 7 to those of 70 -1.1 are roughly P(7)/P(7o)= 1.97/(7 + 1) for shock pressure and P(7)/P(7o) = 21(7-1)/(7+ 1) for shock density for normal impact. Therefore the pressure does not change significantly. However, the dynamic pressure changes about a factor of 2 to 4. If the gain of the enthalpy increases further to dissociate the gas completely, the gas becomes monaromic; moreover, electronic excitation becomes significant at T > 10 4 K. Then, 7 increases up to the value of 5/3. In the region immediately outside of a crater within the ejecta blanket, the gas temperature is not high enough to dissociate the gas completely (e.g., Figures 7e, 8e, 9e, 10e, and 11e), and the constant 7 ~ 1.1 is a reasonable value to utilize for describing the shock-induced gas over a wide area.
Time Dependence of Shock Properties
We have estimated the maximum shock properties at each point of the planetary surface; however, in the case of a blast, wave expansion, the shock properties at a given position are functions of time. The pressure increases suddenly to our calculated peak value upon shock arrival. Attenuation then occurs, and the shock pressure decreases below the ambient value upon the arrival of the rarefaction wave. The pressure, then, relaxes to the ambient state. Attenuation is estimated using the axisymmetric power laws shown in Figure 2b , due to the similarity of the bow shock model to the axisymmetric blast wave. In the following discussion, we estimate the time variable gas shock properties by applying the method of Zel'dovich and Raizer [1966] to the case of a cylindrical blast wave.
The distance of the shock wave from the center of the impact normalized by R, at time t after the im-
pact, rs(t), and its propagation velocity, dr,/dt(t), is, from (8), proportional to t •/2 and t -•/2, respectively.
Assuming that the shock wave arrives at to(< t) and t at a distance of rs(to) and r•(t), the ratio of the maximum pressure, density, and gas particle velocity at time t to those at to are: Pmax(t)/Pm•x(tO) tO/t, Pmax(t)/Pmax(t0) ~1, and Umax(t)/Cmax(t0) (to/t) •/2. Here, the subscript "max" indicates the max- s are required to reduce the horizontal particle velocity on the planetary surface to one-half of its initial value. Although the shock wave is a transient phenomenon, its attenuation becomes gradual at large distances from the center of the crater. Thus at larger distances from the center of the crater, if the gas shock achieves a sufficient magnitude to cause the disturbance of the surface properties, the time duration of near peak shock properties of the same magnitude occurs over time scales comparable to the time required for the shock to propagate over the radial distance along the surface which is disturbed. We therefore infer that the maximum shock properties examined in present work provide first approximations to shock disturbances on the Venusian surface.
Entrainment of Surface Materials
In this section the magnitude of the surface disturbance is estimated using the shock properties obtained in section 3. less than u, [Baghold, 1941] . The transport distance is expected to be less than this estimate because of the transient flow of the shock. In general, the final velocity decreases with the size of the particle.
u,t -A[ (h' -P)rjD,,]•, (16)
where p•, is the particle density (• 2800 kg/m3), p is We assume that the value of the coefficient, is effective for 10 ø -101 cm sized rocks, although no experimental work for rocks with diameters greater than 1 cm has been conducted. We apply this equation to the gas flow induced by the paraboloidal bow shock wave. By setting u,-v,t in (15) and (16), we can estimate the maximuin saltation rock size with given gas velocity. This can be applied to the region where the propagation of the shock wave becomes supersonic, as the horizontal gas particle velocity is also comparable and it decreases less rapidly. In Figtire 12, inaximum salt, ation rock diameter is calculated for 14' -20 km/s and ß -300 using the maximum gas velocity, density profiles, and dynamic presstire of Figure 9 . In this case, the dynamic presstire of 1 The deformation or the irregular shape of the body does not affect the power law of (4) Therefore, to summarize, the size of craters which is subjected to the above analysis and bow shock model is less than the order of 10 • kin. The bow shock model is directly applicable t.o meteoroids in the range of the radius between •100 m and •-,1 km for the expected impact velocities at, the orbit of Venus. In the case of the existence of significant deceleration or mass loss, the characteristic size of a meteoroid has to be applied.
Conclusions
We have investigated the origin of the clark and bright halos around the craters that are observed by Magellan imagery. A bow shock model is developed to explain the horizontal profile of gas shock properties on the VenusJan surface originating from a meteoroidal impact as the most likely origin of the dark and bright. halos. From the propagation of a paraboloidal bow shock front interacting with a planetary surface, we considered the shock propagation of an oblique impact. The strong horizontal particle velocity induced by the shock wave can, in principle, loft the surface materials. These can then be fragmented via mutual collisions. We estimated the saltation boulder size induced by the gas flow, and the magnitude of the effect of crushing of surface materials.
The results show that a wide area can be r•ffected by the surface disturbance by the strong gas flow 
T1
Pl/92 [Hornung, 1986] . Here • is the deflected angle of a shock-processed (downstream) gas flow to the pre-shocked (upstream) gas flow.
Equations (B1)-(BS)
•nust be applied iteratively to both initial and reflected shocks to identify' the corresponding shock reflection type.
